The circular contractile responses to various stimuli have been measured in segments of cerebral ar teries (both middle cerebral and basilar) taken from dogs either 3 or 7 days following the cisternal injection of au tologous blood under anaesthesia. The maximum con tractile response to 5-hydroxytryptamine was increased significantly 7 days following subarachnoid haemorrhage; the response to noradrenaline also increased but not sig nificantly at 7 days. The contractile response to a raised extracellular potassium concentration (25 and 100 mM) was slightly depressed by 7 days, and the response to a fall in extracellular pH was depressed by 43% both 3 and 7 days following subarachnoid haemorrhage. The ability of these arteries to handle a sodium load was also as sessed. The arteries were sodium loaded for various pe riods of time in mock cerebrospinal fluid with a zero po-
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The ability of the cerebral circulation to respond to changes either in arterial blood pressure or in arterial blood gases may be impaired in both hu mans and animals following a recent subarachnoid haemorrhage (Heilbrun et aI., 1972; Nornes et aI., 1977; Symon, 1978; Pickard et aI., 1979) . The greater the impairment of the cerebrovascular reac tivity, the greater may be the risk of developing late neurological deficits (Pickard et aI., 1980; Farrar et aI., 1981) . To study the mechanism of this change in reactivity, we have first sought to establish that this altered reactivity persists in vitro by examining the contractile responses to a variety of stimuli of A preliminary account of this work was given at the Eleventh International Symposium on Cerebral Blood Flow and Metabo lism, Paris, 1983 [J Cereb Blood Flow Metabol 3(suppl I):S47-S48].
Address correspondence and reprint requests to J. D. Pickard at Wessex Neurological Centre, Southampton, Hampshire S09 4XY, England. 599 tassium concentration. On transfer to 25 mM potassium solution, the duration but not the magnitude of the initial relaxation phase prior to a final contraction was greater with increasing time spent in the zero potassium solution. Both the magnitude and the duration of this relaxation phase, which reflect in part the ability of the vascular smooth muscle to extrude the sodium load, were in creased in arteries following subarachnoid haemorrhage when compared with control arteries. These results dem onstrate that the altered reactivity of cerebrovascular smooth muscle following subarachnoid haemorrhage per sists in vitro and is more than simply an enhanced re sponse to biogenic amines. Key Words: Cerebral ar teries-Hydrogen ions-5-Hydroxytryptamine-Nor adrenaline-Potassium -Sodium pump-Subarachnoid haemorrhage.
isolated canine basilar and middle cerebral arteries taken both from control animals and from animals following the induction of subarachnoid haemor rhage. Previous workers have established that the sensitivity of cerebral arteries, taken from monkey, cat, and rabbit, but possibly not dog, some days following a subarachnoid haemorrhage is increased to biogenic amines such as 5-hydroxytryptamine and noradrenaline (Duckles et aI., 1977; Svend gaard et aI., 1977; To da et aI., 1977; Lobato et aI., 1979) .
The mechanism of the changes that we find is not clear, and we have examined the possibility that the ability of cerebral arteries to handle a sodium load might be impaired following subarachnoid haemor rhage. The activity of the Na + -K + pump may be assessed with tension studies using a phenomenon first described by Barr et al. (1962) and subse quently refined by Webb and Bohr (1978) . Like other vascular smooth muscle, isolated cerebral ar-teries and pial arterioles contract when the extra cellular potassium concentration is reduced from 10 to 0 mM (Kuschinsky et ai., 1972; Toda, 1974 Toda, , 1976 Betz et ai., 1975; Pickard et ai., 1975; Cameron and Caronna, 1976) . This behaviour is attributed to the operation of an electrogenic Na + -K + pump that is inhibited by 0 mM potassium and near maximally active at 10 mM potassium. Siegel et ai. (1974) and Harder (1980) both have recorded a small de polar isation in canine and feline middle cerebral arterial muscle cells when these are transferred from 2.5 to o and from 8 to 4 mM potassium, respectively. More recently, Chung and Cohen (1984) have character ised this electrogenic sodium pump behaviour in rabbit cerebral arteries using a voltage clamp tech nique. At the normal CSF potassium concentration of 3 mM, the Na + -K + pump may not be maximally active. The finding that the sodium concentration of canine cerebral arteries is significantly greater than that of systemic arteries is consistent with this view (Toda, 1976) . By exposing vascular smooth muscle to a potassium-free solution for various pe riods of time, it is possible to inhibit the Na + -K + pump and sodium load the smooth muscle cells. On subsequent exposure to a high potassium concen tration, the sodium pump is reactivated and gener ates an electrogenic current that hyperpolarises the cell membrane while the sodium load is being ex truded (Bolton, 1973) . Once this phase is complete, the depolarising effect of the high potassium con centration then overCO;,les any residual electro genic current and the smooth muscle contracts. This phenomenon has been demonstrated in cere bral arteries with tension studies (Toda, 1974; Pickard, 1981) . It has been suggested that this po tassium-induced relaxation phase is an approximate indicator of sodium pump activity in vascular smooth muscle (Webb and Bohr, 1978) .
METHODS

Stage one
Young adult purpose-bred dogs of both sexes (8-25 kg) were starved for 12 h and anaesthetised with sodium thio pentone (10-30 mg/kg i.v.). Endotracheal intubation was performed, and artificial positive pressure ventilation with halothane (0.5%) with nitrous oxide (70%) in oxygen was used to avoid any possibility of hypoxic brain damage during the induction of the subarachnoid hae morrhage. In three-quarters of the animals, it was pos sible to puncture the suprachiasmatic cistern with a needle (22-gauge spinal needle) passed percutaneously through the optic foramen without enucleation of the orbit, and in the other animals, the cisterna magna was punctured. With the animals in the head-down position, following withdrawal of CSF, autologous blood (0.65-0.75 mVkg) was slowly injected over 30 s into the supra chiasmatic cistern or cisterna magna; the animals were J Cereb Blood Flow Metabol, Vol. 4, No.4, ]984 maintained in that position for a further 10 min to keep the blood within the head (Hayakawa and Waltz, 1978) . Anaesthesia was then discontinued and the animals re turned to their quarters. Pethidine (10 mg/kg s.c.li.m.) was used for analgesia where necessary. None of these animals developed any neurological deficit, and all were eating and drinking normally by the following day.
Stage two
The animals were reanaesthetised either 3 (five ani mals) or 7 (five animals) days later using sodium thiopen tone (10-30 mg/kg i.v.), endotracheal intubation, and positive pressure ventilation with halothane (0.5%) in ni trous oxide (70%) in oxygen. In addition, 10 control an imals were anaesthetised similarly. All animals were he parinised and exsanguinated via an abdominal aortic can nula under anaesthesia. The removal of the brain took between 10 and 20 min following exsanguination. The brain was transferred in oxygenated physiological saline solution to the laboratory, and 3-mm-long ring segments from both the basilar and middle cerebral arteries were dissected under the operating microscope and mounted horizontally on parallel intraluminal prongs within 90 min of exsanguination. Altered blood was still present around the anterior and posterior branches of the circle of Willis in most animals at 3 days, and marked xanthochromic staining was seen at 7 days post subarachnoid haemor rhage. Dissection of the arteries was a little more difficult because of arachnoid adhesions at 7 days. One prong was attached to a Grass FTO 3 transducer in the isometric mode and one prong to a micromanipulator for adjust ment of the resting tension.
Contractions were recorded on a Devices four-channel recorder. These arterial segments were stabilised for a minimum period of 1.5 h at a resting tension of 10 mN at 37°C in a 15-ml temperature-controlled organ bath. The contractile response to a raised extracellular potassium concentration (25 mM) was found in preliminary experi ments to plateau above a resting tension of �6 mN.
Composition of the physiological saline solution was (mM); NaCI 128; KCI 6; MgS04 1; CaCl2 1.5; NaHC03 20; NaH2P0 4 0.2; glucose 4.4; pH 7.4 (5% CO2, 95% 02)' The extracellular potassium concentration of 6 mM was chosen because in earlier studies this has been shown to more adequately stimulate the sodium pump and ht';nce facilitate stabilisation of the arterial segments [Pickard et aI., 1975; Pickard, 1981 ; see also Skaug and Detar (1981) for critical discussion]. The responses to biogenic amines were compared in some arteries at an extracellular po tassium concentration of both 6 mM and the normal CSF potassium concentration of 3 mM. No significant differ ence was found.
Cumulative dose-response curves to 5-hydroxytrypta mine, creatinine sulfate (Sigma), and noradrenaline (DL noradrenaline HCl; Sigma) were obtained together with the responses to extracellular potassium concentrations of 0, 25, and 100 mM. The potassium concentration was adjusted by equimolar substitution with NaCI except at the potassium concentration of 100 mM, when 50 mM sucrose was added to avoid the ultrastructural changes provoked by high potassium concentrations (Jones et aI., 1973) . Extracellular pH was changed by varying the bi carbonate concentration from 35 to 7 mM at a potassium concentration of 25 mM (pH change 7.63 ± 0.02 to 6.97 ± 0.02). This potassium concentration was chosen be-cause in previous work we have established that this pro vided the maximum pH response and also the most stable response (Pickard et aI., 1975; Pickard, 1981) . To assess the response to sodium loading, the arteries were then bathed in a potassium-free solution prepared by equi molar substitution with sodium chloride for varying pe riods of time from 5 to 40 min. The potassium-free so lution was changed three times. It was then replaced by a 25 mM potassium solution again prepared by equimolar substitution with sodium chloride. The duration of the relaxation phase on transfer to 25 mM potassium was then measured (see Fig. 4 ). In further experiments, the role of the release of endogenous noradrenaline from the cerebral artery segments was assessed by examining the effect of phentolamine [Rogitine (Ciba): phentolamine mesylate 10 mg/ml, sodium metabisulphite 0. 5 mg/ml] at different doses on the contractile response of the cerebral artery segments to noradrenaline (4.9 x 10-4 M, DL-nor adrenaline; Sigma), potassium-free solution, and 100 mM potassium solution [prepared by equimolar substitution with sodium chloride and with the addition of 50 mM sucrose (Jones et aI. , 1973) ]. Segments of arteries were taken both before mounting on the prongs, after 30 min, and at the end of an exper iment, and were fixed in formalin for histological deter mination of the integrity of the endothelium. Little en dothelium remained on these arteries at the end of the experiments. In some experiments, the responses to bio genic amines and to various concentrations of potassium were rechecked toward the end of the experiment.
Statistical analysis
For the responses to potassium, amines, and pH, sta tistical analysis was performed by Student's t test with Bonferroni correction (as shown in Table 1 ). For the re sponse to sodium loading, statistical analysis was per formed by analysis of variance. Where a significant F value was obtained with analysis of variance, Duncan's multiple range test was used to identify specific differ ences between groups (Duncan, 1955; Kramer, 1956) . Data are presented as means ± SEM.
RESULTS
Response to extracellular potassium concentration
A complete examination of the response of ce rebrovascular smooth muscle over the range of 0-100 mM potassium has been described previously (Pickard et aI., 1975) , and the points examined here represent the main points of that curve. The con tractile response to raising the extracellular potas sium concentration to 25 mM and subsequently to 100 mM was slightly depressed ( Fig. 1 ) particularly 7 days following subarachnoid haemorrhage. In contrast, the contractile response to reducing the extracellular potassium concentration from 6 to 0 mM was not changed following haemorrhage. We did not examine the response to potassium in suf ficient detail to say whether the threshold extracel lular potassium concentration above 6 mM at which contraction first starts is shifted or not following subarachnoid haemorrhage.
Response to biogenic amines
As noted by Brandt et al. (1981) , there was con siderable individual variability between different animals in their response to both 5-hydroxytrypta mine and to noradrenaline ( Figs. 2 and 3 ). In the case of noradrenaline, the dose-response curve did not plateau at 4.9 x 10-4 M so it was not possible to define an ED so . Because of the marked individual variability in the response to 5-hydroxytryptamine, it was also not possible to define reliably the ED so . The contractile response to 5-hydroxytryptamine was increased particularly at 7 days following sub arachnoid haemorrhage (Fig. 2, Ta ble 1 ). Although the response to noradrenaline appeared to be in creased, particularly at 7 days, this change did not reach statistical significance using the rather con servative Bonferroni analysis ( Fig. 3, Ta ble 1 ). The response to biogenic amines has been presented both in absolute terms and relative to the contractile response to 25 mM potassium to take into account any changes in geometry within the arterial segment that might occur with "cerebral vasospasm" fol lowing subarachnoid haemorrhage. The same length prong was used throughout these experi ments. One of the advantages of using arterial seg ments is that they are much less prone to the type of artefact produced by geometrical changes when cutting strips (Herlihy, 1980 ). ,24,22; 12,12,11; 32,24,22; 12, 12,11; 32,24,22 for control, 3 days, and 7 days, respectively, Bars represent SEM. ,24,22; 12,12,12; 28,24,22; 12,12,12; 36,24,22 for control, 3 days, and 7 days, respectively. Bars represent SEM,
Response to extracellular pH
The relaxation produced by reducing the pH and the contraction induced by increasing the pH at a potassium concentration of 25 mM by varying the extracellular bicarbonate from 35 to 7 mM were both depressed at 3 and 7 days following subarach noid haemorrhage [ Table 1 ; contraction to in creasing pH: control 6.5 ± 1.0 mN (10 arteries); 3 days 5.4 ± 0.8 mN (11 arteries); 7 days 4.3 ± 0.8 mN (11 arteries)].
Response to sodium loading
The normal response of cerebral arterial seg ments to 25 mM potassium after stabilisation in 6 mM potassium was to develop a sharp contraction that was readily reversed on washing in 6 mM po tassium (Fig. 4) . When a potassium-free solution was substituted for 6 mM potassium, the arteries underwent a slow contraction initially, which then might fade with time ( Fig. 4) . On substitution of 25 mM for the potassium-free solution, the arteries re laxed for varying lengths of time depending on the period of incubation in the potassium-free solution (Figs. 4 and 5) . Following this period of relaxation, the arteries abruptly started to contract, sometimes with a single tonic contraction and at other times with an initial phasic component prior to the final contraction. The addition of a low concentration of ouabain (1.4 x 10 -7 M) abolished this relaxation phase (Fig. 4) . Ouabain alone had no effect on ten sion in 0 mM potassium; even at 1.4 x 10 -5 M in 6 or 25 mM potassium, it increased tension by only 4.1 and 4.4 mN, respectively. Lower concentrations of ouabain had less effect, and the speed of onset of the contraction was much slower than that of 25 mM potassium alone or after the relaxation phase. Whereas the duration of the relaxation phase in creases with the time of exposure to potassium-free solution in a predictable way (as demonstrated in Fig. 5 ), we did not find that the amplitude of the potassium-induced relaxation increased with time in potassium-free solution (Table 2) .
For a particular period of incubation in potas sium-free medium, the duration of the relaxation phase displayed by arteries taken either 3 or 7 days following subarachnoid haemorrhage was signifi cantly prolonged (Fig. 5 ). In addition, the initial am plitude of the potassium-induced relaxation was sig nificantly increased following such haemorrhage (Table 2) .
There is evidence suggesting that, at least in sys temic vascular smooth muscle, the contractile re sponse induced by potassium-free medium may not be simply the result of the inhibition of an electro genic sodium pump, but may also involve the re lease of endogenous noradrenaline. Hence, we ex amined the effects of phentolamine at different con centrations on the contractile response of the cerebral arterial segments to noradrenaline (4.9 x 10-4 M), to potassium-free medium, and to 100 mM potassium solution (Fig. 6 ). The response of cere bral arteries from the dog to noradrenaline was very variable between animals, and in some arteries there was no response to noradrenaline at all, whereas the contractile response to potassium-free solution was a consistent phenomenon. There was no correlation between the contractile response to noradrenaline and the response to potassium-free medium.
Unfortunately, as Fig. 6 reveals, there was no single dose of phentolamine that sufficiently inhib ited the response to noradrenaline without having effects initially on the potassium-free response and, at ;?3.5 x 10-5 M, on the response to 100 mM po tassium. However, although high concentrations of phentolamine inhibited the contractile response to potassium-free medium, the phenomenon of a lag phase between substitution of potassium-free by 25 mM potassium to the final contraction was still seen. Part of the effect of Rogitine at high concen trations may be attributed to the presence of sodium , ,·,1 11 1 25 1 4 . a: Top trace shows the circular contractile response of a segment of cerebral artery to changing from 6 to 25 mM K and the relaxation on returning to 6 mM K. In the middle trace, the artery slowly contracts on transfer from 6 to 0 mM K. On transfer to 25 mM K after only 5 min in 0 mM K, there is a brief relaxation, indicated by the arrow, followed by the usual contraction. In the bottom trace, the same artery has been left in 0 mM K for 20 min prior to transfer to 25 mM K. The duration of the relaxation phase, indicated by the arrow, is more prolonged when compared with the middle trace. The final contraction is slow in onset and less in magnitude when compared with that shown in the top trace. b: Effect of ouabain at low concentration on the potassium-induced relaxation following a period in 0 mM K. In the top trace, the arterial segment slowly contracts on transfer to 0 mM K for 12 min. Substitution of 0 mM K by 25 mM K produces an initial relaxation followed by a contraction. In the bottom trace, ouabain (1. 4 x 10-7 M) was added to the 0 mM K; upon transfer to 25 mM K after 12 min, the potassium induced relaxation phase is abolished, and the contraction produced is immediate.
metabisulphite. In two arteries, sodium metabisul phite (2.6 x 10-5 M-the concentration equivalent to 3.5 x 10-4 phentolamine mesylate in Rogitine) reduced the maximum contraction produced on re placing 6 mM potassium by potassium-free solution to 32 and 50% of the control value.
DISCUSSION
Our results demonstrate that the altered reac tivity of cerebrovascular smooth muscle following subarachnoid haemorrhage persists in vitro: There is an enhanced response to biogenic amines, a de pressed response to high potassium concentrations and acidic pH, and an altered response to sodium loading. It is not possible to conclude from these results whether there is a single membrane defect causing this change in reactivity. Further work is required, using ion analysis, flux studies, and elec trophysiology.
J Cereb Blood Flow Me/abol. Vol. 4, No. 4, 1984 Relevance to human "cerebral vasospasm"
Although these changes in reactivity in the dog occur at the time when human patients would be at maximum risk of developing the clinical syndrome associated with "cerebral vasospasm," the dogs never develop such a clinical picture. Furthermore, the development of cerebral arterial constriction, as visualized on angiography, differs between humans and dogs: Immediate or acute spasm is present in over half the dogs following subarachnoid haemor rhage, which partially resolves by 7 days (Pickard et aI., 1984a) ; in humans, there is no vasospasm for the first 3 days and the incidence is maximal at � 7 days (Wilkins, 1980, for review) . However, the clin ical syndrome of cerebral vasospasm cannot be as cribed simply to the development of visible cerebral arterial constriction and is sufficiently complex that examination of its various components is worth while, such as the effects of the simple exposure of cerebral arteries to subarachnoid blood. Control ex- periments were not performed in which mock CSF alone was injected into the subarachnoid space, so that we cannot specify which component of the sub arachnoid haemorrhage caused the change in reac tivity--whether it was the abrupt and transient rise in intracranial pressure or the subsequent exposure to subarachnoid blood. However, previous work has shown that the injection of mock CSF into the suprachiasmatic cistern produces the same pattern of immediate rise in intracranial pressure as does the injection of blood, but that there is no effect on intracranial arterial diameter, baseline cerebral blood flow, or the autoregulatory response to changing blood pressure (Boisvert et aI., 1977 (Boisvert et aI., , 1978 . Furthermore, careful neuropathological ex amination in both the baboon and dog has shown that this technique does not result in any hypoxic brain damage nor structural changes in the cerebral arteries at either the light or electron microscopic level (Boisvert et aI., 1979; Pickard et aI., 1984a) .
Response to biogenic amines
Of the spectrum examined, the enhanced re sponse to amines is the effect most easily related to exaggerated arterial narrowing or vasospasm, ex cept that the latter is refractory to all known phar macological blockers (Wilkins, 1980) . The increased sensitivity to biogenic amines has been described previously in the rabbit and cat where a similar technique was used for the induction of subarach noid haemorrhage (Svendgaard et aI., 1977; Lobato et aI., 1979) . In a preliminary communication, Duc kles et ai. (1977) found that cerebral arteries in vitro were more sensitive to noradrenaline when taken from monkeys 5-10 days after subarachnoid haem orrhage was produced by the transorbital punc ture of one internal carotid artery. In contrast, To da et ai. (1977) found in the dog that the contractile responses to 5-hydroxytryptamine, noradrenaline, histamine, and potassium on the side of the haem orrhage were significantly less than on the con tralateral side 24 h and 7 days but not 2 h after haemorrhage. Hence, the mechanical traumas of craniectomy, temporal lobe retraction, and needle puncture of the internal carotid-posterior commu nicating artery, used by To da et aI., do not explain the depression of reactivity to all stimuli on that side. The reason for the discrepancy between our findings and those of To da et ai. in the dog is un clear. One possible explanation for the increased sensitivity to biogenic amines would be a denerva tion supersensitivity-type of response. Various workers have demonstrated that the catecholamine fluorescence in the adventitia of the major intra cranial arteries is considerably reduced following 
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Values are means ± SEM (no. of arteries in parentheses). After 10 min in potassium-free solution, the amplitude of the potassium relaxation phase in arteries taken both 3 and 7 days following subarachnoid haemorrhage (SAH) was significantly increased from control (F = 12.32; P < 0.05). After 25 min, only the 3-day SAH arteries were significantly different from control (F = 13.31; p < 0.05). rebral arteries to noradrenaline (NA; 4.9 x 10-4 M; n = 11), potassium-free solution (KO; n = 10), and high potassium solution (K100; 100 mM K + SO mM sucrose; n = 7). At 3. S x 10-6 and 3.S x 10-5 M phentolamine, the response to noradrenaline is significantly depressed compared with KO and K100 (p < O.OS). At 3.S x 10-4 M phentolamine, there is no significant difference between the three groups. At 3.S x 10-5 and 3.S x 10-4 M, all three groups are significantly de pressed compared with control values. Bars represent SEM. subarachnoid haemorrhage (Fraser et al., 1970; Ro senblum and Giulianti, 1973) . Furthermore, the up take of labelled noradrenaline by cerebral arteries 3-7 days after subarachnoid haemorrhage is signif icantly reduced (Svendgaard et al., 1977; Lobato et al., 1979 Lobato et al., , 1981 . The ability of histamine to release noradrenaline from cerebral arteries is also de pressed some days after haemorrhage in the cat (Lobato et al., 1981) . However, the changes in ce rebrovascular reactivity in vivo following subarach noid haemorrhage both in humans and animals are quite unlike the pattern of change produced by sym pathetic denervation. Subarachnoid haemorrhage impairs autoregulation and reduces the response to hypercapnia Pickard et al., 1979; Jakubowski et al., 1982; Svendgaard et al., 1983) . In contrast, sympathetic denervation acutely shifts the lower limit of autoregulation to the left but chronically has no effect on either the autoreg ulatory curve or the response to hypercapnia (Fitch et al., 1975; Jennett et aI., 1976) .
In a very careful analysis of the role of adrenergic J Cereb Blood Flow Metabol, Vol. 4, No.4, 1984 nerves in blood-induced cerebral vasospasm, Sim eone et al. (1979) concluded that the endogenous release of catecholamines does not play a major role in the initiation or spread of blood-induced vaso spasm in large cerebral arteries. It is of interest that the intracarotid infusion of 5-hydroxytryptamine in the baboon had no effect on either cerebral blood flow or cerebral oxygen consumption in control an imals, but significantly reduced cerebral blood flow and cerebral oxygen utilization both following blood-brain barrier opening (Harper and Mac Kenzie, 1977) and 4-7 days after subarachnoid hae morrhage (Mendel ow et al., 1981) .
Response to pH
The reduced acidic relaxation in vitro corre sponds to the depressed cerebral blood flow re sponse to hypercapnia in vivo. The response to pH has a complex dependence on the extracellular po tassium concentration (Pickard et al., 1975) . It is unclear from our results whether the reduced pH response may be ascribed to the smaller potassium contraction after subarachnoid haemorrhage.
Response to sodium loading
There are many pitfalls in the interpretation of this functional test of the Na + -K + pump: Is the sodium load the same? Is the sodium load pumped out as quickly? Does the membrane permeability, to potassium for instance, change? Is stimulation of the sodium pump the rate-limiting step in potas sium-induced relaxation? Does the release of en dogenous noradrenaline have any role?
In the rat tail artery, Webb and Bohr (1978, 1979) found that the amplitude of the potassium relax ation, enhanced by prior contraction with noradren aline, increased with the loading period in po tassium-free solution. They suggested that this amplitude is a measure of the electrogenic hyperpolarising current produced by the Na + -K + pump-the greater the sodium load, the greater the current. This amplitude was greater in sponta neously hypertensive rats than in normotensive rats, and Webb and Bohr (1979) suggested that this indicated enhanced Na + -K + pump activity. How ever, it is not self-evident that the amplitude should continue to increase if the N a + -K + pump is stim ulated maximally by a relatively short period of so dium loading, unless there has been such redistri bution of ions that either the membrane resistance or the passive membrane potential is changing. In the cerebral artery, unlike the rat tail artery, the amplitude of the potassium relaxation did not in crease with the potassium-free loading period. One difference is that we did not use an agent such as noradrenaline, prostaglandin F2a, or 5-hydroxytryp-tamine to augment the potassium-induced relax ation (Toda, 1974; Webb and Bohr, 1979) . Bukowski et al. (1983a, b) have shown that potassium-induced relaxation may be less reliable as an index of so dium pump activity with such enhancement. Pro vided the sodium load is the same for a given period in potassium-free solution, the greater amplitude of the potassium relaxation following subarachnoid haemorrhage may reflect greater hyperpolarisation secondary to either an increased electrogenic Na + K + pump current or an increased membrane resis tance produced, say, by a fall in potassium conduc tance, or both.
Potassium-free medium, ouabain, and cooling all evoked membrane depolarisation with an increase in membrane resistance in the submucosal arte riolar smooth muscle of guinea pig ileum. This was produced not by a reduction in the magnitude of an electrogenic Na + -K + pump current, but rather by a decreased potassium permeability of unknown mechanism (Hirst and Van Heiden, 1982) . How ever, it is very difficult to see how the phenomena illustrated in Figs. 4 and 5 could be explained on this basis alone, although changes in potassium con ductance may coexist with changes in the Na + -K + pump.
The return of mechanical activity following the potassium relaxation is believed to indicate that the intracellular sodium concentration has returned to ward normal (Webb and Bohr, 1979) . But can the duration of the relaxation be used as a measure of the amount of sodium gained in the absence of po tassium? In both the rat tail artery and the cerebral artery, the duration of the relaxation phase in creases with time spent in potassium-free solution. The greater duration of the potassium relaxation after subarachnoid haemorrhage might reflect a greater sodium load, a less effective pump, or an alteration in the temporal sequence of changes in passive permeability and membrane resistance as the sodium load is extruded.
Endogenous noradrenaline may be released by both potassium-free medium and by ouabain (Bon accorsi et aI., 1977) . Inhibition of the sodium pump of the nerves in the adventitia around the arteries will lead to sodium loading, enhanced sodium-cal cium exchange, increased intracellular calcium con centration, and thereby enhanced spontaneous re lease of neurotransmitters. The sodium gradient is also important for the neuronal uptake of noradren aline (Fleming, 1980) . However, the increase in the extracellular concentration of neurotransmitters such as noradrenaline may not be apparent for the first 5-10 min after exposure to either ouabain or potassium-free solution owing to the rather slow rise in intracellular sodium concentration. As Fleming (1980) points out, it is during this initial phase that inhibition of the pump often causes de polarisation of effector cells consequent to loss of electrogenicity. Furthermore, the effect of ouabain on smooth muscle itself is seen at low concentra tions, and the effect on nerves (increased trans mitter release and decreased uptake) occurs only at higher concentrations (10-5-10-3 M). The effect of ouabain in cerebral arteries results mainly from an inhibition of the electrogenic sodium pump and oc curs at low concentrations 00-8-10-6 M) (Toda, 1980) . In our experiments, the potassium-induced relaxation phase was completely abolished by the low ouabain concentration of 1.4 x 10-7 M. Hence, although the phentolamine results are not clear-cut and suggest that some release of endogenous nor adrenaline may contribute to the contraction in duced by potassium-free medium, the release of en dogenous noradrenaline does not play any part in the duration of the relaxation phase following transfer to 25 mM potassium.
The fact that altered cerebrovascular reactivity following subarachnoid haemorrhage persists in vitro cannot be attributed simply to the presence of a single substance in the microenvironment around cerebral arteries in vivo, and represents a persistent change in the membrane properties of the smooth muscle cell. There is no detectable structural change in these cerebral arteries up to 1 week fol lowing subarachnoid haemorrhage at either the light or electron microscopic level (Pickard et aI., 1984a) . Chronic exposure to a periarterial haema toma induces other changes: Arterial prostanoid production increases (Pickard et aI., 1984b) , and the extracellular potassium concentration in the arterial wall rises eightfold (Shiguma, 1982) . 
